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Steeping, the first step in the corn wet-milling process, is a timeconsuming, capital-and energy-intensive process. Conventional steeping involves continuous countercurrent soaking of corn in warm (50-52°C) water for 24-36 hr in presence of sulfur dioxide (SO2 ) and lactic acid. The SO, is added by bubbling gaseous SO2 in steepwater and lactic acid is produced in vivo by fermentation of sugars (leached out of corn during soaking) by Lactobacillus bacteria present in corn. Continuous countercurrent steeping allows Lactobacillus adequate time to grow and produce lactic acid in steepwater.
Presence of both SO2 (Cox et al 1944) and lactic acid (Watson et al 1951; Roushdi et a! 1981; Eckhoff and Tso 1991) is important to maximize starch yield from corn. Gaseous SO 2 reacts with water to form sulfurous acid, which, depending on pH, dissociates into bisulfite or sulfite species. During steeping, sulfite species break down the protein matrix surrounding starch particles in the corn endosperm (Watson 1984) and, during millin g , help release starch from the protein matrix. Production of lactic acid by fermentation during steeping is not important; addition of commercially produced lactic acid in steepwater provides the same results in terms of starch yields (Eckhoff and Tso 1991; Ling and Jackson 1991; Steinke et al 1991; Duet al 1996; Singh et al 1997) .
Use of SO2 in the corn wet-milling process, because of its volatility and reactivity, is a health and environmental concern. Because of health concerns, the time-weighted average limit of SO2 in air is limited to a maximum of 2 ppm (American Conference of Governmental Industrial Hygienists 1992). To lower SO2 emissions, corn wet-milling plants are using sulfite salts as the source of SO2 . Sulfite salts offer reduced SO2 emissions to the atmosphere because they bind SO2 as a salt compound (Rausch et al 1993) . In laboratory studies, salts such as sodium metabisulfite (Na,S105 ) , potassium metabisulfite (K2S205) (Sanders 1961; Watson and Hirata 1962; Watson and Weller et al 1988) , and magnesium and sodium bisulfite (Rausch et al 1993) have been used. Other sulfite salts such as potassium sulfite (K1S03), sodium sulfite (Na2SO3 ), and ammonium sulfite ((NH1)2SO3.H20) can be used as a source of sulfite. However, the effect of these salts on starch yield and quality are not known. 
CEREAL CHEMISTRY
To reduce capital cost and time associated with the conventional corn wet-milling steeping process, new technologies such as the intermittent milling and dynamic steeping (IMDS process) (Lopes-Filho et al 1997) and enzymatic milling (Johnston and Singh 2001; Johnston et al 2003) are being developed that can shorten the steep time to <6 hr. Such short steep times are not sufficient for Lactobacillus fermentation and, therefore, commercially produced lactic acid would be needed to maximize starch recovery. It is not known whether lactic acid can be replaced by other commercial acids that might be less expensive. A previous study was done to determine the effects of other acids (acetic, citric, phosphoric, sulfuric, and hydrochloric) in the corn wet-milling steeping process on starch yields (Du et al 1996) . However, all acids were compared based on volumetric concentration and not on total acidity or strength of acid (based on acid-dissociation constant). Additionally, effects of these acids on starch pasting properties were not analyzed. In the present study, the effect of SO 2 and acid source on wet-milling yields and starch properties were determined.
MATERIALS AND METHODS

Corn Samples
Two yellow dent corn hybrids (Pioneer 3394 and Pioneer 33R87) grown during the 1998 crop season at the Agricultural Engineering Research Farm, University of Illinois at Urbana-Champaign, were used. The corn was field-dried to 14% moisture content, combineharvested, and hand-cleaned to remove foreign material and broken kernels. Whole kernel moisture content was measured using the 103°C convection oven method (AACC International 2000) . Test weight and 100-kernel weight were measured. Kernel density was measured using an ultrapycnometer (model 1000, Quantachrome Corp., Boynton Beach, FL USA). Chemical composition was determined by near-infrared transmittance (GrainSpec, Foss North America, Minneapolis, MN USA) at the Identity Preserved Grain Laboratory, Illinois Crop Improvement Association; Champaign, IL. Transmittance readings of 250 g were taken over a wavelength range of 800-1100 nm.
Steeping and Wet Milling of Corn
Corn samples (100 g) from each hybrid were steeped in two sets of steep solutions (180 rnL) at 52°C for 24 hr. The first set of steep solutions contained lactic acid with varying sources of SO2, including potassium sulfite ( K 2 S03), sodium sulfite (Na2SO3), ammonium sulfite ((NH4)2 SO1 .H20), and sodium metabisulfite (Na2S20 5 ). The amount of sulfite salt was calculated to give 2.000 ± 10 ppm of SO 2 . The second set of steep solutions contained Na2S 2 0 2 and different acids including acetic, hydrochloric, lactic, oxalic, o-phosphoric, and sulfuric. All acid treatments were cornpared at the same normality, 0.66N (comparable to a 0.55% [v/v] lactic acid solution). Because normality measures total titratable acidity, all acids also were compared at pH 3.0. The steeped corn was milled using the 100-g laboratory wet-milling procedure of Eckhoffet a! (1996) . Control treatments were steeped with 2,000 ppm of SO2 (using Na2 S 2 0 5 ) and 0.55% lactic acid. Three milling runs were performed and mean product yields were reported. Initial and final pH and SO2 concentrations were assayed. All pH measurements were done in duplicate. Strong and weak acids were defined based on the acid-dissociation constant (Ka) values. The larger the acid-dissociation constant value (Ka ), the stronger the acid. Based on Ka values, hydrochloric, oxalic, phosphoric, and sulfuric acids were considered strong acids; lactic and acetic acids were considered weak acids.
Starch Properties
Starch pasting properties were determined using a Rapid Visco Analyser (RVA-4, Newport Scientific, Warriewood, Australia). A starch slurry (5.5% solids) was heated rapidly from room temperature to 50°C, heated at 18'C/min from 50 to 95°C, held at 95°C for 20 mm, and cooled to 50°C at 15°C/mm. Pasting temperature, peak viscosity, breakdown, and final viscosity were recorded. Starch pasting properties were measured in duplicate.
Statistical Analysis
Differences in product yields within the same corn hybrid were compared among corn samples steeped in different sources of SO2 with the addition of lactic acid or steeped in Na 2S 2 0 5 with the addition of different acids and compared with the control treatment. Pasting temperature, peak, breakdown, and final viscosities of starch were compared under the different steeping conditions. Statistical evaluations were performed by analysis of variance (ANOVA) and Duncan's multiple range test (SAS Institute, Cary, NC, USA). The level selected to show significance was 5% (P < 0.05).
RESULTS AND DISCUSSION
Physical Properties and Chemical Composition of Corn Hybrids
Hybrid 3394 was a relatively soft endosperm corn with a test weight of 0.73 g/cm 3 (57 Ib/bu), a 100-kernel weight of 33.7 g and a density of 1.4 g/cm 3 . Hybrid 33R87 was a hard endosperm corn and its test weight, 100-kernel weight, and density were 0.78 g1cm3 (60 lb/bu), 28.8 g, and 1.4 g/cm 3 , respectively. Hybrid 3394 contained 2.7% oil, 7.2% protein, and 74.9% starch, while hybrid 33R87 contained 2.7% oil, 7.0% protein, and 75.4% starch ( Table I) .
Effect of Sulfite Salt and Acid on Starch Yields
Steeping of hybrid 3394, using the same acid normality, resulted in no significant differences in starch yields (Table II) . Starch yields were lower (0.7-0.8%) for hydrochloric acid compared with acetic, oxalic, and sulfuric acids. Hybrid 33R87 gave a higher starch yield (1.5%) compared with hybrid 3394. For hybrid 33R87, a small but significant difference was observed in starch yields between two of the four sulfite salts used in steeping. However, no differences were observed in starch yield among steep acids at the same normality (Table II) .
No differences in starch yields among control treatment and sulfite salts were observed for hybrid 3394 when the initial steepwater was pH 3.0 (Table III) . However, differences in starch yield were observed between the control treatment and four of the five acids used in steeping. Treatment with acetic acid resulted in starch yields similar to those of the control treatment. However, hydrochloric, oxalic, phosphoric, and sulfuric acid treatments gave starch yields lower (0.5-1.3%) than the control treatment (Table  III) . No differences in starch yields were observed among the four strong acids. Starch yields were higher with weak acids (lactic and acetic) than with strong acids (hydrochloric, oxalic, phosphoric, For each hybrid, mean yield within a treatment (sulfite salts or acids) followed by the same letter in a column are not significantly different (P < 0.05). and sulfuric) at the same pH level. These results suggest that different steep acids result in different starch yields when tested at the same pH level. Differences in starch yields between the control treatment and sulfite salts or steep acids were observed for hybrid 33R87 when the initial steepwater was pH 3.0. At the same initial steepwater pH, each of the three sulfite salts and five acids resulted in lower starch yields compared with the control treatment. Compared with the control treatment, sulfite salts gave 4.0-5.0% lower starch yields. Acetic acid gave a4.0% lower starch yield compared with the control treatment. All of the strong acids gave 8.0-9.0% lower starch yields compared with the control treatment. At the same initial steepwater pH, weak acid (acetic) gave 2.0-3.0% higher starch yields than strong acids. On comparing the two dent corn hybrids, the effects of steep acids at the same initial pH level were more prominent in hybrid 33R87 than in hybrid 3394, suggesting effects were hybrid-dependent. These results are in agreement with Singh et al (1997) , who found an effect of lactic acid on starch yield to be hybrid-dependent. Strong acids, when processed at a higher steepwater pH, gave lower starch yields compared with those processed at a lower pH.
For hybrid 3394, hydrochloric and sulfuric acid treatments gave 0.7 and 1.6% higher starch yields when processed with initial steepwater of pH 1.4 and 1.6, respectively, as opposed to yields at pH 3.0 (Tables II and III) . Similarly, oxalic and phosphoric acids, when tested at a pH 2.0 or 2.3, resulted in 1.3 and 0.3% higher starch yields, respectively, as opposed to yields at pH 3.0 (Tables II   and III) . It is not known what sulfite species predominantly cleaves disulfide bonds in the protein matrix and causes the increase in starch yield. Based on sulfurous acid equilibria, more of the bisulfite species will be present in addition to sulfurous acid at pH 1.6 as compared with pH 3.0.
Effect of Sulfite Salt and Acid on Other Fraction Yields
Differences in steepwater and germ yields were observed for both hybrids (3394 and 33R87) (Tables II and III) . Depending on the same acid normality or same initial steepwater pH, steepwater yields were 3.14-5.28% for hybrid 3394 and 2.86-5.14% for hybrid 33R87. Slightly higher steepwater yields with K 2 S0 3 and Na2S03 (for both hybrids) are due to the salt residue left in the steepwater (K and Na have molecular weights of 29.1 and 23.0 g!mol, respectively). Depending on the same acid normality or same initial steepwater pH, germ yields were 5.17-5.63% for hybrid 3394 and 4.28-5.99% for hybrid 33R87 (Tables II and III) .
Differences were observed in gluten yields for acid and sulfite salt treatments at the same initial steepwater pH for both hybrids. The control treatment resulted in lower gluten yields than the three other sulfite salt treatments for both hybrids. However, no patterns were observed when different acids were used (Table III) .
For hybrid 33R87, fiber yields were higher for all acid and sulfite salt treatments compared with the control treatment except for acetic and hydrochloric acid treatments at the same normality (Table II) . For hybrid 3394, fiber yields for the four strong acids at the same initial steepwater pH were higher compared with the control treatment. However, the weak acid (acetic) fiber yield was similar to that of the control treatment (Table III) . For all treatments (for both hybrids), if starch yields were lower compared with the control, the fiber yield from the same treatment was higher compared with that of the control. Higher fiber yield compared with that of the control treatment indicated poorer fiber separation and additional solids in the fiber fraction. Higher fiber yields, increases of 1.8-2.3% (hybrid 3394) and 6.9-8.2% (hybrid 33R87) relative to the control, were observed mainly for strong acids tested at the same initial pH (Table III) .
Effect of Sulfite Salt and Acid on Starch Pasting Properties
At the same steeping acid normality, some differences for hybrid 3394 were observed in pasting temperature between the control treatment and the other sulfite salts and two acids (oxalic and sulfuric). However, no differences were observed for hybrid 33R87 (Table IV) . At the same initial pH, except for phosphoric acid for hybrid 3394, higher pasting temperatures were observed for all other sulfite salts and acids tested as compared with controls for both hybrids (Table V) .
For hybrid 3394 at the same steep acid normality, hydrochloric acid resulted in a lower final viscosity compared with that of the control treatment (Table IV) . At the same initial steepwater pH, final viscosities were lower for all of the sulfite salts and breakdown viscosities were lower for all of the acids compared with the control treatment (Table V) .
For hybrid 33R87 at the same steep acid normality, peak, final, and breakdown viscosities were higher for all of the sulfite salts and the breakdown viscosity were higher for all of the acids compared with the control treatment (Table IV) . However, at the same initial steepwater pH, these trends were completely reversed ( Table  V) . The peak and final viscosities were lower for all of the sulfite salts and the breakdown viscosities were lower for all of the acids compared with the control treatment. Within a hybrid, comparison of starch pasting properties among treatments showed that peak and final viscosities for sulfite salts and breakdown viscosity for acids were reduced when tested at the same initial steepwater pH compared with those tested at the same steep acid normality. This trend was true for both hybrids. For hybrid 33R87, variation in peak (444.5-704.0 cp), final (595.0-933.5 cp), and breakdown (120.0-276.0 cp) viscosities across steepwater pH and acid normality was higher compared with the variation in peak (544.5-709.5 cp), final (610.5-918.0 cp), and breakdown (148.5 to 212.5 cp) viscosities for hybrid 3394. These results suggest that the effects of various sulfite salts and steep acids on starch pasting properties are hybrid-dependent.
CONCLUSIONS
Starch yields were affected by the SO 2 source and steep acids. The effect of sulfite salts and steep acids on starch yield was hybrid-dependent. Different steep acids gave different starch yields when wet milled at the same pH level. Among different acids tested, weak acids (lactic and acetic) tended to give higher starch yields compared with strong acids (hydrochloric, sulfuric, phosphoric, and oxalic). Depending on the treatment (same acid normality or same steepwater pH), starch yields for hybrid 3394 varied from 67.2 to 68.8%, and for hybrid 33R87 varied from 61.0 to I For each hybrid, pasting properties within a treatment (sulfite salts or acids) followed by the same letter in a column are not significantly different (P < 0.05). a For each hybrid, pasting properties within a treatment (sulfite salts or acids) followed by the same letter in a column are not significantly different (P < 0.05).
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